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Recently, nano-electro-mechanical system (NEMS) resonators made from graphene have generated a great deal of interest owing to graphene's unique electrical and mechanical properties, with application to sensing and radiofrequency (RF) circuits. The high breaking strength of graphene (34 N/m) 1 has made it possible to engineer large strains into suspended membranes, simultaneously boosting their resonant frequencies (f 0 ) and quality factors (Q) above 200 MHz and 200, respectively. [2] [3] [4] Furthermore, the high room temperature carrier mobility of graphene (intrinsic l > 10 000 cm 2 /VÁs) 5 allows resonators to be operated as three-terminal graphene resonant channel transistors (G-RCTs), 6 which greatly amplifies the mechanical resonance signal of the device. This use of active sensing also obviates additional capacitive parasitics that degrade the rejection of off-resonance signals that plagues passive devices such as silicon micro-electro-mechanical systems resonators (Si-MEMS). 7 Previous work on graphene resonators has focused on their behavior when actuated by a driving force at a single frequency. This includes studies on the relationship between the resonator size and its Q under linear operating conditions, [8] [9] [10] as well as several other studies on higher-order mechanical nonlinearity. [11] [12] [13] These latter studies concentrated on third-order nonlinearities, which are a function of the cubic, or Duffing, elastic constant (a eff ). Accurately predicting the value of a eff under different operating conditions is critical for signal processing applications using graphene resonators because it dictates the onset of resonance bistability and sets the upper limit on the dynamic range of the device.
Although studies with single-frequency stimulus are essential for understanding the physical behavior of a resonator in applications like oscillator circuits 14 and mass sensing, 10 there are also many instances where the nonlinear behavior of the device in the presence of two or more input forces at different frequencies is of equal importance. An example of this is when a resonator is operated as a filtering element in an electronic system, passing signals near f 0 (its passband) and blocking signals away from f 0 . In this application, a resonator is subject to many different frequencies simultaneously, such that any nonlinearity in the device will create mixing products of the input tones that will appear at its output in addition to its linear response. This is problematic when two closely spaced tones located at f 1 and f 2 create third-order mixing products, known as third-order intermodulation distortion (IM3), that are located at (2f 1 À f 2 ) and (2f 2 À f 1 ). IM3 may be extremely detrimental in an RF filter because these product frequencies may fall at f 0 and overwhelm the desired passband signal.
Thin-film bulk acoustic resonators (FBARs) are currently the technology of choice for RF filter design due to their high Qs, multi-GHz f 0 , 15 and low IM3. Nonetheless, modern wireless applications generally require filter technologies to cover many different frequencies while consuming minimal die area, and FBARs are extremely limited in this regard since they are relatively large structures (100 s of lm 2 ). Moreover, because f 0 is defined by film thickness, scaling FBARs for multi-frequency operation is challenging since a new deposition step must be added to the fabrication process for every additional frequency a chip must cover. dimensions that are lithographically defined, allowing multifrequency arrays of devices to be fabricated with a single deposition step. Still, IM3 is a concern for G-RCTs.
Despite its practical importance, there has been no study characterizing IM3 in resonators based on 2D materials. To address this, this letter presents measurements and theoretical analysis of IM3 in G-RCTs. Fig. 1(a) shows a scanning electron microscope (SEM) image and Fig. 1(b) shows a cross-sectional diagram of the strain-engineered G-RCT structure 2 analyzed in this paper. Briefly, the device consists of a graphene sheet suspended above a metal gate by source and drain electrodes made from e-beam deposited palladium, capped by gold. An SU-8 polymer clamp is lithographically patterned on top of the suspended graphene channel in a circular drum configuration. After SU-8 patterning, the devices are hard-baked at 250 C to crosslink the polymer, causing it to shrink and apply additional strain to the suspended membrane. A more detailed description of the device fabrication and operating principle has been described elsewhere. 2 All experiments were conducted in a Desert Cryogenics TTP4 vacuum probe station at P 0 < 10 À6 Torr, using GGB Industries GSG RF probes. Fig. 1 (c) shows our measurement setup, which consists of two Agilent E8257C PSG Analog Signal Generators (SGs) that apply two input signals at f 1 ¼ f 0 À 2Df and f 2 ¼ f 0 À Df, such that the nonlinearity in the G-RCT generates an IM3 tone at f 0 . The input signals are combined by a Mini-Circuits power combiner and fed into the gate of the G-RCT through the RF port of a bias-T. V gs is applied through the DC port. The inputs to the combiner are preceded by 20-dB attenuators to isolate the SGs from one another to prevent IM3 from occurring in the sources themselves. A DC drain-to-source bias (V ds ) of 200 mV is applied on the DC port of a second bias-T to enable active sensing of the resonance, while the output signal at the drain is fed from the RF port of the bias-T to the input of an Agilent E4440 spectrum analyzer. S-parameter (SP) measurements were also conducted on the device using an Agilent N5230A network analyzer in a standard two-port configuration. Table I shows the dimensions and extracted parameters of the device analyzed in this work. Fig. 2(a) shows the measured magnitude of S 21 as a function of the frequency and V gs . The dashed line is a fit of the electrostatic frequency tuning characteristic using the continuum mechanics model for a 2D circular membrane, [16] [17] [18] from which the effective mass (m eff ), the built-in strain due to the SU-8 clamp (r), and the equilibrium deflection of the membrane (z e ) at each V gs point are extracted. The value of m eff is several times the intrinsic mass of the graphene membrane (m 0 ) due to residue from fabrication. Fig. 2(b) shows z e as a function of V gs demonstrating that the maximum z e ($6 nm) is a small fraction of the overall gate-to-channel spacing at V gs ¼ 0 V (z 0 ¼ 115 nm). The field-effect mobility l FE is extracted from low-field current-voltage measurements, where V ds is set to 10 mV and V gs is swept. Both l FE and Q were measured with V gs ¼ 4.5 V. We note that Q $ 120 is relatively low compared to the large values observed at cryogenic temperatures in other work. 12 This study targets applications in consumer electronics, and therefore our experiments were conducted at room temperature where more sources of dissipation are present.
We measure the IM3 produced by the G-RCT by sweeping the voltage amplitude of the input tones (Ṽ gs ), and measuring the output signal at f 2 due to the linear response (Ṽ ds;f 2 ), and at f 0 due to the IM3 product (Ṽ ds;f 0 ). This measurement was repeated for a range of V gs values. In order to avoid any unwanted effects due to possible drift of f 0 between IM3 measurements at each V gs point, prior to each IM3 measurement a single tone was swept through the resonance and the response was measured with the spectrum analyzer to verify the location of f 0 . f 1 and f 2 were then set in reference to this value of f 0 so they could properly create an IM3 product at f 0 .
Figs. 3(a) and 3(b) show example IM3 measurements at two V gs points. All of the output voltage amplitudes are referenced to 50 X, and all of the units are in dBm V for easier comparison with other high-impedance devices in the literature. 19, 20 In addition, the spacing of the input tones (Df) for this measurement was set to 5 MHz-far enough from f 0 to avoid driving the device into bistability at higherṼ gs , while close enough to f 0 to generate an IM3 tone that was above This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
the noise floor of our measurement system. The fit lines show thatṼ ds;f 0 andṼ ds;f 2 have slopes of three and one, respectively, as predicted by theory. The value ofṼ gs at the intersection point of these lines is the input third-order intercept point (V IIP3 ), a common metric for two-tone third-order nonlinearity. is that there is a fundamental tradeoff between linearity and transduction in these devices, similar to that observed in other MEMS resonators. 19, 20 The electrostatic force on the graphene is independent of the position of the Dirac point so the gate-bias may always be set to maximize the transconductance in order to improve transduction. However, although increasing V gs improves transduction, it also increases nonlinear forces as the membrane deflects further and degrades V IIP3 . Previous theoretical analyses of IM3 in electromechanical resonators only account for nonlinearity in the capacitive force and ignore the effects of static displacement. 19, 20 The blue dashed line in Fig. 3(c) is a fit of V IIP3 using this formulation, which does not accurately model V IIP3 for a G-RCT. We improve this fit by developing a model for V IIP3 based on values of a eff extracted from measurement. Figs. 4(a) and  4(b) show measurements of the G-RCT output current (i o ) as a function of frequency withṼ gs swept, for two different values of V gs . The value ofṼ gs at the onset of bistability (Ṽ gs;crit ) observed in this measurement can be used to calculate the motional amplitude at the onset (z crit ) using the transfer function given by Xu et al. 21 The resulting values of z crit as a function of V gs are shown in Fig. 4(c) . In the limit of weak nonlinearity i o is calculated from Sparameter measurements, and the value ofṼ gs at the onset of bistability (calculated from the network analyzer drive power) is used to extract z crit and a eff . The units for drive power are dBm. (c) a eff ,z x2 , and z crit as a function of V gs . The symbols on the a eff and z crit traces indicate points whereṼ gs;crit was measured, and the line is a third order polynomial fit that was used for interpolation when calculating a eff at some V gs points.z x2 was lower than z crit at all bias points. (2) where g m is the transconductance calculated from the l FE extracted from low-field current-voltage measurements, z 0,e ¼ z 0 À z e , C g is the gate-to-channel capacitance of the suspended area of the graphene, x 2 ¼ 2pf 2 , and C FT is the total gate-to-drain feedthrough capacitance which we approximate as being equal to the total gate-to-channel capacitance of the graphene (C g,tot ¼ e 0 WL/z 0 ) since our device has an RF layout with low parasitic capacitance. The first term on the left hand side of Eq. (2) is the passive displacement current observed in all vibrating MEMS devices, and the second term is the actively transduced mechanical signal. Electrical feedthrough currents, represented by the first and third terms on the right hand side of Eq. (2), are not present on the left hand side since the IM3 current is entirely due to the nonlinear actuating force. If the G-RCT is operated as either a p-channel device with negative V ds or as a n-channel device with positive V ds , the sign of g m is positive. 21 In addition, we use the sign convention that positive small signal current is flowing into the drain of the device.
z x0 is the motional amplitude at the IM3 frequency, which can be calculated with the following expressions:
where F x0,IM3 is the nonlinear IM3 force at f 0 ,z x1 andz x2 are the motional amplitudes at f 1 and f 2 calculated with the same transfer function from Ref. 21 , and k eff is the spring constant of the system calculated from the continuum mechanics model. The solution of (2) yields the improved fit shown in Fig. 3 (c) (red dashed line). To ensure the validity of our analysis, we also calculatez x2 at each V gs point for the highest value ofṼ gs used during the IM3 measurements to confirm that the input tones were not driving the resonator beyond z crit . As anticipated, Fig. 4 (c) shows thatz x2 is less than z crit for all V gs bias points. The values of V IIP3 measured for this G-RCT are similar to those measured for contour-mode Si-MEMS devices, which offer analogues opportunities for integrating large arrays of multi-frequency structures. 19 However, a direct comparison of these technologies is challenging because IM3 is measured with different Df and the devices have different Qs. To adjust for these variations, Df can be divided by the full-width-at-half-maximum (FWHM) of the device response; devices with higher Qs provide greater rejection of the out-of-band tones, therefore, a competitive comparison between the G-RCT and a higher Q device requires that Df be smaller as a multiple of FWHM. Table II shows a comparison of the G-RCT and a contour mode Si-MEMS device, which demonstrates that the V IIP3 of the Si-MEMS device is slightly better, but the test on the G-RCT is roughly twice as stringent due to the smaller Df. S 21 for both devices is also very similar, but the G-RCT has an advantage in that it attains this value with a lower V gs . In addition, the G-RCT consumes an order of magnitude less die area even though its f 0 is lower than the Si-MEMS device, primarily due to the effect of strain engineering.
In conclusion, G-RCTs offer nearly equivalent performance to Si-MEMS in terms of their linearity and transduction strength. However, the active sensing of G-RCTs allows them to scale to higher frequencies without the increased parasitics and decreased rejection observed in Si-MEMS. Although G-RCTs are not competitive with FBARs for applications in RF front-end filters, they may find use in intermediate-frequency stages in radios where the linearity and loss requirements are less stringent, but the G-RCT's tunability and ease of integration are still of great value. 
